Powerful, facile new ways to create libraries of site-directed mutants are demonstrated. These include: (1) one-pot-PCR, (2) multi-pot-PCR, and (3) split-mix-PCR. One-pot-PCR uses mutant oligonucleotides to generate megaprimers in situ, and it was used to randomly incorporate 28 mutations in a gabT gene in a single reaction. In more difficult cases, multi-pot-PCR can be employed: mutant megaprimers are synthesized individually, then combined in a single mutagenesis PCR. This method was used to incorporate 14 out of 15 mutations in a pabB gene. Splitmix-PCR is a conceptually novel method for creation of site-directed mutant libraries. Separate PCRs for each mutant primer are performed, followed by pooling the products of the individual reactions. The pooled mixture is re-aliquoted into individual mutant oligonucleotide PCRs. These steps are repeated for each cycle. Split-mix-PCR results in a nearly random distribution of mutation sites, and a distribution of number-of-mutations per gene that is computable and narrow. Split-mix-PCR was applied to the directed evolution of aminodeoxychorismate synthase into anthranilate synthase, and easily allowed the determination of the fewest mutations required for introduction of novel activity.
Introduction
The advent of site-directed mutagenesis in the 1980 s revolutionized biochemistry, particularly mechanistic enzymology, enabling the exploration of roles of specific amino acids in protein function and the engineering of novel properties. Initially, the application of site-directed mutagenesis was limited by the availability of structural information required for rational design. Subsequently, the combination of mutagenesis and selection methods led to the development of directed evolution techniques. Early applications of directed evolution employed random mutagenesis to generate diverse libraries of DNA sequences (Liao et al., 1986; Kuchner and Arnold, 1997) . More recent directed evolution strategies employ focused, site-directed libraries to increase efficiency (Packer and Liu, 2015) . The advantage of random mutagenesis is its independence from structural information, while the advantage of focused, site-directed libraries is that they are smaller and more efficient because only residues most likely to confer the desired new property are targeted.
A variety of mutagenesis methods is available for DNA library generation (Packer and Liu, 2015) . The most common are: (a) chemical mutagenesis, mutator strains and error-prone PCR for random mutagenesis (Cadwell and Joyce, 1992) , (b) QuikChange, Kunkel and megaprimer-based methods for site-directed mutagenesis (Kunkel, 1985) and (c) site-saturation mutagenesis (Chiang et al., 1993) .
Random mutagenesis strategies, which introduce between 1 and 4 mutations per gene, are generally insufficient for complex functional evolutions requiring multiple simultaneous mutations for detectable activity (i.e. no target activity is observed for single mutants). For example, assume two specific mutations are required (i.e. only one of the other 19 amino acids at each of the two mutated positions permits target activity) simultaneously in a 400 residue protein to show detectable growth in a genetic selection for novel activity. The probability of the two correct mutations occurring together in a random library with an average of two mutations per gene is~1 in 10 8 , from a simple calculation in which a single base change per codon is required. This increases to~1 in 10 11 for three simultaneous mutations. These low probabilities illustrate the difficulties in successfully evolving novel activities that require multiple simultaneous mutations. The incorporation of additional information, such as sequence data, in the library design process has the potential to overcome this barrier. Recently, bioinformatics algorithms (e.g. Janus (Addington et al., 2013) , Zebra (Suplatov et al., 2014) and ASRA (Feng et al., 2012) among others) have proven useful in this regard (Damborsky and Brezovsky, 2014) . These tools assist in identifying functionally important residues that are not obvious from structural data. Janus, which is used here, analyzes multiple sequence alignments of a pair of structurally similar enzymes to identify and rank amino acids that confer functional differences (Addington et al., 2013) . These methods can provide a list of site-directed mutations to be incorporated into a library in focused directed evolution experiments.
Existing methods for creating libraries of multiple site-directed mutations fall into two main categories ( Fig. 1 ): (a) DNA assembly based methods, where mutated DNA fragments are assembled into a full length gene (Stemmer, 1994; Ness et al., 2002; Herman and Tawfik, 2007; Gonzalez-Perez et al., 2014; Jin et al., 2016) , and (b) mutant megaprimer PCR based methods, where mutant megaprimers are used to introduce mutations (Erijman et al., 2011; Hidalgo et al., 2014) . Synthetic shuffling (Ness et al., 2002) , ISOR (Herman and Tawfik, 2007) and RECODE (Jin et al., 2016) are examples of DNA reassembly based methods. Synthetic shuffling is based on classic DNA shuffling methods (Stemmer, 1994) , with the added step of introducing mutations with oligonucleotides through PCR. The ISOR and RECODE methods are variants of synthetic shuffling.
Transfer PCR (Erijman et al., 2011) and OSCARR (Hidalgo et al., 2014) are examples of mutant megaprimer based methods. Transfer PCR consists of two steps: (a) generation of mutant megaprimers and (b) PCR using mutant megaprimers to incorporate mutations. The random annealing of mutant megaprimers on plasmid template results in a library of multiple site-directed mutations (Erijman et al., 2011) . OSCARR is similar to transfer PCR, but only the DNA region of interest is used for generation of mutant megaprimers instead of using the complete plasmid DNA as template.
PFunkel (Firnberg and Ostermeier, 2012) , MORPHING (GonzalezPerez et al., 2014) and the QuikChange multiple site-directed mutagenesis methods also generate multiple site-directed libraries but do not fall into the two broad categories above. PFunkel is based on the Kunkel mutagenesis protocol (Kunkel, 1985) . Site-directed mutations are iteratively introduced using uracil-containing template DNA, Pfu DNA polymerase and Taq DNA ligase (Firnberg and Ostermeier, 2012) . MORPHING is similar to ISOR in that PCR is used to mix-and-match mutations at specific sites, but DNA fragments are assembled by in vivo homologous recombination (Gonzalez-Perez et al., 2014) . The QuikChange multiple site-directed mutagenesis kit is based on the popular QuikChange method. It has been reported that up to five mutation sites can be incorporated in a single round (Hogrefe et al., 2002) .
These methods are useful (Seyfang and Jin, 2004; StutzmanEngwall et al., 2005) but each has its limitations. For example, our laboratory has found that gene reassembly in synthetic gene shuffling is strongly dependent on the template DNA. Additionally, all of the methods based on reassembly of randomly generated DNA fragments are susceptible to frame shift mutations. Existing megaprimer based methods are limited by the small number of sites (~7) that can be targeted (Jin et al., 2016) .
Here, three new methods for generating libraries of random combinations of site-directed mutations are introduced: One-Pot PCR (OPPCR), Multi-Pot PCR (MPPCR) and Split-Mix PCR (SMPCR). These methods combine advantages from the strategies mentioned above and minimize the limitations. All three employ mutant oligonucleotides to introduce mutations in random combinations and are based on literature methods for introducing sitedirected mutations (Seyfang and Jin, 2004; Hidalgo et al., 2014) . One advantage of the methods presented here is that only standard PCR components and DNA purification are required. All give libraries with very few frame shift or spurious mutations, and low wild type background. With OPPCR, 28 mutations were introduced in a single round using 64 mutant primers, while with MPPCR 14 mutations were introduced in a single round using 29 mutant megaprimers. Additionally, MPPCR allows control of mutation rate by adjusting the ratio of mutant megaprimer to template DNA.
SMPCR is a ground-breaking method for the generation of libraries of site-directed mutants. It is the first multiple site-directed library generation method that allows control over the number of mutations per gene. In SMPCR, on average a single mutation per gene is incorporated in each round of mutagenesis. SMPCR draws conceptually from the one-bead-one-compound method of generating chemical libraries (Lam et al., 1991) . It is unique in that it allows the rapid and efficient determination of the minimal number and identities of mutations required to enable a novel property.
To demonstrate these methods, libraries of two E. coli genes were constructed. The first, gabT, encodes γ-aminobutyrate (GABA) transaminase (GAT), which catalyzes the transamination of γ-aminobutyrate and oxaloacetate to succinic semialdehyde and L-glutamate. OPPCR libraries of gabT were constructed with the ultimate goal of evolving GAT into a decarboxylase. Previous attempts using libraries generated by error-prone PCR and gene shuffling were unsuccessful. The second gene, pabB, encodes 4-aminodeoxychorismate synthase (ADCS). ADCS catalyzes the conversion of chorismate into 4-aminodeoxychorismate (ADC), a precursor of folate (Dosselaere and Vanderleyden, 2001 ). Previously, ADCS was evolved to acquire anthranilate synthase (AS) activity in experiments designed to understand how catalysis of pyruvate elimination is controlled by chorismate utilizing enzymes (Culbertson et al., 2015) . Here, SMPCR libraries easily allowed the determination of the fewest mutations required for the introduction of AS activity into ADCS.
Materials and methods

PCR reactions
PCRs were performed in 50 μl total volume with 1× Phusion HF buffer, 200 μM final concentration of each dNTP, and 1 unit of NEB Phusion High-Fidelity DNA polymerase. Concentrations of primers and template DNA are listed for each experiment. PCRs were performed with a GeneAmp PCR2700 (Applied Biosystems). The following temperature program was used, except for slowannealing PCRs: 98°C denaturation for 3 min followed by 29 cycles of 98°C denaturation for 10 s, annealing for 20 s, and 72°C extension for 30 s. Annealing temperatures were calculated with the New England Biolabs T m calculator (v1.8.1 provided on the NEB website). DNA purification kits were purchased from Zymo Research. End primers (i.e. terminal primers used to amplify the full length gene) were designed with 19-22 bp overhangs for Gibson assembly (Gibson et al., 2009) . Mutant primers were designed using Primer X (http://www.bioinformatics.org/primerx/). Primers are described in detail in Supplementary Table 1 available at PEDS online.
Cloning and transformation of libraries
Cloning was done by Gibson assembly (Gibson et al., 2009) . Insert and vector in a total volume of 5 μl were added at a molar ratio of 5:1 to a 15 μl Gibson assembly mixture. The reactions were incubated in a PCR machine for 1 h at 50°C. A 5 μl aliquot of the Gibson assembly reaction was used for transformation of 50 μl of electrocompentent cells.
OPPCR with pabB
A multiple site-directed mutagenesis library with pabB as a template was generated using OPPCR. Mutation sites were determined from previous predictions made using Janus for the conversion of ADCS to AS (Culbertson et al., 2015) . Here, the 15 highest scoring sites were targeted. In addition to primers encoding a single mutation, additional primers that encode multiple mutations were required because several pairs of sites were close in sequence, and single mutant primers revert the nearby sites to wild type in subsequent rounds of amplification. A total of 29 mutant primers were used to ensure all possible combinations of mutations. Details of mutant primers are given in Supplementary Table 1 available at PEDS online.
OPPCR consists of three PCR reactions (Fig. 2 ). (A) Template Amplification: The pabB gene was amplified using the Gibson primers DC108 and DC109 and the standard PCR program. The PCR product was gel purified. (B) Mutagenesis PCR: The amplified template was used at a final concentration of 1 pg/μl in the PCR. Two types of primers were added: (a) 0.1 μM final concentration of each end primer DC108 and DC109, and (b) a 'mutant primer mix' that consists of equal concentrations of 29 mutant primers (DC83, DC84, DC99, DC105, DC110, DC111, DC123-DC145). The sum total final concentration of the 29 primers was 0.2 μM. A slowannealing PCR protocol was employed where, after a 3 min initial melting step at 98°C, a gradient of cooling was employed: 98°C for 10 s, and 34 cycles of 96°C to 67°C decreasing 2°C every 5 s, 67°C for 20 s, and 72°C for 30 s. (C) Reassembly PCR: The product of the mutagenesis PCR was purified and used at a final concentration of 100 pg/μl as template for a reassembly PCR using 0.5 μM of the nested end primers DC116 and DC117. The standard PCR program was used for this final step.
OPPCR with gabT
Mutation sites for GAT conversion into a decarboxylase (dialkylglycine decarboxylase) were determined using Janus. The creation of the OPPCR library was identical to that for pabB, except DC73 and DC74 were used as end primers to amplify a gabT gene that codes for a consensus sequence enzyme. The sequence of the gene is given in the Supplementary Materials available at PEDS online. Here, 30 mutation sites were targeted. Mutant primers were designed as for pabB. A total of 64 mutant primers were used. The reassembly PCR was performed with the nested end primers DC71 and DC72.
MPPCR using pabB as template
MPPCR is similar to OPPCR, but differs in that a mixture of megaprimers instead of oligonucleotides is used to introduce mutations (Fig. 3 ). These megaprimers are synthesized individually in separate reactions. To demonstrate this method and compare it to OPPCR, pabB was used as template and targeted the same sites. MPPCR consists of three steps. The steps are: (A) Megaprimer synthesis: Mutant megaprimers were individually synthesized using PCR amplified pabB (coding region only) as template at 1 ng/μl final concentration in separate PCRs with a forward mutant primer (one of DC83, DC84, DC99, DC105, DC110, DC111, DC123-DC145) at The gene is amplified using end primers. PCR2 -Mutagenesis PCR: The amplified template is used with two both end primers and a 'mutant primer mix' that consists of equal concentrations of mutant primers. PCR3 -Reassembly PCR: The product from Step 2 is purified and used in PCR with nested primers to amplify the full-length reassembled mutant library. 0.5 μM final concentration and the reverse end primer DC109 at 0.5 μM final concentration. The individual PCR products were pooled and purified to give a megaprimer mixture. (B) Mutagenesis PCR: PCR was performed with 1 ng/μl final concentration of PCR amplified pabB template, 2 ng/μl final concentration of the megaprimer mixture, and 0.1 μM final concentration of the end primer DC108 using the slow annealing PCR program. The PCR product was purified. (C) Reassembly PCR: Reassembly was performed using 100 ng/μl final concentration of purified PCR product from
Step (B) and 0.5 μM final concentration of nested end primers (DC116, DC117).
Optimization of OPPCR and MPPCR
Three conditions were varied in the mutagenesis PCR step for OPPCR and MPPCR. To optimize megaprimer generation efficiency (using pabB as template), the final concentration of DMSO was incremented by 2 vol% starting from 1% and ending at 7%. The standard PCR program was used. To optimize megaprimer annealing to template DNA, the rate of slow annealing was varied in MPPCR mutagenesis PCR using pabB as template. Finally, end primer concentrations for mutagenesis PCR were tested between 0.1 and 0.5 μΜ. Both pabB and gabT were used as a template and both reactions were performed using the slow-annealing PCR program.
Control of mutation rate using MPPCR
OPPCR sequencing results show that mutation rates vary in spite of identical concentrations of mutant primers and similar primer T m values. In general, mutation rates of~50% at all sites are preferred. A simple experiment was performed using MPPCR in an attempt to control the mutation rate at specific sites. The concentration of full length PCR product is determined largely by the concentration of megaprimer if an excess of end primer is used. By adjusting the ratio of mutant megaprimer to template, the final ratio of mutant to wild type can be controlled. To test this hypothesis three mutagenesis PCRs were performed using 0.4 nM PCR amplified pabB as template, and a mutant megaprimer generated from PCR with DC105 and DC109 and end primer DC108 (0.1 μM final concentration). The megaprimer-to-template molar ratios were 0.3:1, 0.6:1 and 1:1.
SMPCR with pabB
SMPCR was conceived to provide control over the total number of mutations per gene in a library of random combinations of sitedirected mutations. On average, each round generates a single additional mutation in each library member (Fig. 4) . SMPCR is carried out in three steps. (A) Megaprimer synthesis: Eight PCRs were performed using pabB as template at 1 ng/μl final concentration, DC87 as a reverse end primer at 0.5 μM final concentration, and one forward mutant primer (DC83, DC84, DC99, DC110, DC105, DC123, DC126, DC135) at 0.5 μM final concentration. The standard PCR program was used. The resulting mutant megaprimers were purified and designated mDC1-mDC8. (B) Mutagenesis PCR: Eight 50 μl PCRs were performed using pabB (0.1-0.5 ng) as template, mDC1-mDC8 as mutant megaprimers (3-4 ng), and DC200 as the forward end primer at 0.5 μM final concentration. The slow annealing protocol described above was employed. (C) Mutant mixing and splitting: The eight PCR products were pooled together and fully reassembled genes were gel purified. Subsequent cycles of mutagenesis are performed by splitting the purified mixture into eight aliquots and repeating all three steps. The first step, megaprimer synthesis, must Fig. 3 Schematic of MPPCR. PCR1 -Megaprimer synthesis: Individual mutant megaprimers are synthesized in separate PCRs. These are mixed and purified to make a 'mutant megaprimer mix'. PCR2 -Mutagenesis PCR: PCR is performed using the 'mutant megaprimer mix' and one end primer. PCR3 -Reassembly PCR: The product from Step 2 is purified, diluted, and amplified with end primers to generate the full-length reassembled mutant library.
be repeated after each cycle because megaprimers have to include all mutations from prior rounds of mutagenesis. If the megaprimers from the initial reaction with wild type template are used, then mutations from prior rounds can get reverted.
To demonstrate efficacy, three rounds of SMPCR were performed. Samples from each round were cloned into pBAD and the libraries so obtained were used to transform XL1-Gold cells. Plasmid DNA was isolated from individual colonies and sequenced.
Selection for AS activity from SMPCR libraries of pabB
Selection for AS activity employed a previously reported procedure (Culbertson et al., 2015) . The products of each of the three rounds of SMPCR with pabB were cloned pBAD, and these libraries were used to transform JW1256-1 cells from the Keio knockout collection [genotype F-, Δ(araD-araB)567, ΔlacZ4787(::rmB-3), λ-, ΔtrpE772:: kan, rph-1, Δ(rhaD-rhaB) 568, hsdR514] by electroporation. The cells were washed twice with sterile water to remove LB medium prior to plating. Cells were plated on M9-glucose minimal medium containing all amino acids except Trp and incubated at 37°C for up to 14 days. Colonies grew after~6 days. Plasmid DNA was isolated from these colonies and sequenced.
Results
OPPCR with pabB and gabT Fig. 2 presents agarose gel electrophoresis results for the three steps of OPPCR with gabT. A smear of DNA was observed after mutagenesis PCR. The subsequent reassembly PCR gives a single band that matches the full-length gene. Supplementary Fig. 1 available at PEDS online presents sequencing data for the reassembled library (i.e. the whole mixture, not single clones), which show that 28 of the expected 30 mutations with gabT, and 11 of the expected 15 mutations with pabB are present. A previous publication reported using the OPPCR method for selecting ADCS mutants that exhibit AS activity (Culbertson et al., 2015) .
MPPCR with pabB
Agarose gel analysis of the steps of MPPCR with pabB is presented in Fig. 3 . Sequencing data ( Supplementary Fig. 2 available at PEDS online) for the reassembled library show that 14 out of 15 mutations are incorporated.
Optimization of OPPCR and MPPCR
The mutagenesis PCR step is critical for both OPPCR and MPPCR. Three variables (DMSO concentration, annealing rate and the concentration of end primers) were optimized for pabB and gabT as template. Fig. 5A presents data showing that the addition of 5% DMSO generates longer mutant megaprimers in the presence of multiple mutant oligonucleotide primers.
The slow-annealing PCR program is important for both OPPCR and MPPCR. A previously reported method (ISOR) used a similar method where temperature is initially lowered at normal speed and later lowered slowly by introducing a temperature gradient (Herman and Tawfik, 2007) . It was found that slow annealing dramatically increases PCR efficiency with megaprimers. Fig. 5B shows that after 35 rounds of mutagenesis PCR, a bright reassembled band is visible with slow annealing, but is absent with normal annealing. Reassembly PCR with the product of slow annealing gives a clear band of the correct size. Fig. 4 Schematic of SMPCR. PCR1-1 -Megaprimer synthesis: Individual PCRs are performed using template gene, reverse end primer, and one forward mutant primer, creating mutant megaprimers that contain single mutations. PCR1-2 -Mutagenesis PCR: PCR is performed using mutant megaprimers and the forward end primer. Mutant mixing and splitting: The products from PCR2-1 are mixed together and gel purified. It is then split into multiple aliquots and used as template for PCR1-2. Megaprimer synthesis, mutagenesis PCR, and mixing and splitting are repeated each round.
The concentration of end primers in the mutagenesis PCR step was optimized. Using pabB and gabT as template, it was found that 0.1 μM final concentration of each end primer is optimal for generating longer DNA products and reducing smaller ones. This is demonstrated by a reduction in the intensity of lower molecular weight bands in Fig. 5C as end primer concentration is decreased. The lower end primer concentration facilitated subsequent reassembly PCR, and gave the best incorporation of mutations as shown by sequencing ( Supplementary Fig. 1 available at PEDS online).
Template and primer concentrations also affect the yield of desired products. It was found that 0.5-2 ng of template DNA per 50 μl reaction, and 0.1-0.5 μM final concentration of mutant primer/megaprimer is optimal (data not shown).
Control of mutation rate using MPPCR Supplementary Fig. 3 available at PEDS online presents agarose gel results from the three mutagenesis PCRs with varying megaprimerto-template ratios. The brightness of the correct reassembled band is observed as the ratio of mutant megaprimer to template increases. Sequencing results for each reaction showed a mixed trace of 'T' (wild type) and 'G' (mutant). An increase in the mutation rate is observed as the ratio of megaprimer-to-template ratio increases, shown by the decrease in the peak height for trace 'T' and an increase for 'G'. One expects similar results for MPPCR where multiple mutant megaprimers are present in reassembly PCR
SMPCR with pabB
Gel analysis of each step of SMPCR with pabB is shown in Supplementary Fig. 4 available at PEDS online. SMPCR requires the synthesis of new mutant megaprimers for every round. After three rounds of SMPCR, mutant megaprimer synthesis was successful for all primers but the subsequent mutagenesis PCR reactions all failed. The purity of both megaprimers and reassembled reactions decreased with additional rounds, as indicated by DNA smears and thicker reassembled bands on agarose gels. Supplementary Fig.  5 available at PEDS online shows that each of the first three rounds incorporates all 8 mutations. Sequencing individual clones from each round of SMPCR shows that only one of the targeted mutations is added per round (Table I) .
Selection of ADCS mutants with AS activity
For each round of SMPCR, a total of 10 3 -10 4 transformants were plated on selective plates. The appearance of colonies was monitored for 14 days. Within 6 days, 28 colonies grew in Round 3 while none grew from plates from Round 1 or Round 2. Plasmid DNA was purified and restriction digests showed 20 colonies of the 28 had the correct plasmid construct. Sequencing data for these 20 clones are presented in concluded that a minimum of three mutations are required for successful introduction of AS activity into ADCS.
Discussion
Random mutagenesis has a long, productive history in both bacterial genetics and protein engineering. Combined with the appropriate selection or screen, random mutagenesis provides a unique means by which to isolate phenotypic variants. It is independent of structural information and maintains an important place in genetics and biochemistry. The rise of information-driven (e.g. protein structure, multiple sequence alignment, etc.) hypotheses, on the other hand, has provided an impetus for the development of mutagenesis methods that target specific sites. The targeting of single sites is well developed but the targeting of multiple sites simultaneously is less so. This work provides advances to the generation of libraries with random combinations of mutants at multiple sites chosen based on structural information.
OPPCR is fast, convenient, efficient, cost effective and can be widely employed in common laboratory settings. It was generally successful for both templates employed here: 73% of the targeted mutations were incorporated with PabB and 93% with GabT. Since multiple mutant primers are added in the mutagenesis PCR step, a DNA template containing only the region of interest is recommended to avoid mispriming and formation of unwanted side products. The mutagenesis PCR step is complex. Mutant megaprimers (either generated in situ in OPPCR or exogenously in MPPCR) randomly anneal to either wild type or mutant template DNA, and extension of the annealed megaprimers results in an additional mutation being incorporated. This process is repeated over many PCR cycles to give a library of random combinations of site-directed mutations. An alternative method not explored here for incorporating mutations absent from the first OPPCR product is to perform a second round with only these mutant oligonucleotides and product from the first OPPCR as template. The final reassembly PCR using nested primers amplifies only full-length products from the mutagenesis PCR step and provides DNA ready for cloning by, for example, Gibson assembly (Gibson et al., 2009) .
A problematic step in megaprimer PCR based mutagenesis methods is the specific annealing of megaprimers to template DNA. Incorrect annealing of megaprimers leads to side products and misincorporation of mutations. Other methods circumvent this problem by using recombination strategies after individual mutant PCR fragments are generated (Seyfang and Jin, 2004; Gonzalez-Perez et al., 2014) . However, this complicates library generation with additional steps and costs. It was hypothesized that slow annealing would result in high fidelity priming by mutant megaprimers since shallow temperature gradients facilitate annealing of high complexity DNA Table I . Mutations present in individual colonies for the first three rounds of the Split-Mix protocol Table II . Mutations present in active ADCS-to-AS clones from Round 3 of the splitmix protocol
duplexes. This proved to be the case and is critical to the success of the methods presented here. Slow annealing should prove generally useful in complex PCR based assembly methods. While OPPCR is simple, most but not all mutations were incorporated. OPPCR with gabT gave, remarkably, 28 out of 30 targeted mutations, but the pabB OPPCR incorporated only 11 out of 15 sites. The unincorporated mutations showed no correlation with primer T m , number of base mismatches per primer, location of mutation site, etc. Mutant primers that failed in OPPCR gave correct products in simple PCR with one end primer. This suggests that the mutation incorporation failure is due to the complex mixture of mutant primers, not to intrinsic properties of the individual mutant primers. MPPCR avoids a complex mixture of mutant oligonucleotide primers by generating mutant megaprimers in a separate step. The mutagenesis PCR step is otherwise identical to OPPCR, where extension of randomly annealed mutant megaprimers results in a mixture of full length genes with random combinations of site-directed mutations.
SMPCR is, to the authors' knowledge, the only method currently available for generating libraries of site-directed mutants in which there is predictable control over the number of mutations per gene. In protein engineering, one can often narrow down the number of potentially important sites to approximately a dozen by, for example, intuitive structure-based deduction or bioinformatics. Even with this relatively small number of sites and a single mutation at each one, there are 2 12 = 4096 combinations of mutations, which
inevitably requires that a library of randomly distributed mutations be tested. Traditionally, a shotgun approach is taken where a library with all possible members is generated and tested in a high throughput approach. One is commonly interested in identifying only the mutations critical to the desired new phenotype, which is inferred by statistical analysis of the results of high throughput testing. SMPCR provides a simple method for identifying the fewest number of mutations required for a novel phenotype since the number of mutations per gene is incremented predictably in each round. Conceptually, SMPCR is based on the one-bead-one-compound combinatorial library method (Lam et al., 1997) . For example, with peptide libraries each round incorporates an additional amino acid at the end of the growing peptide chain. For SMPCR each round incorporates, on average, one additional mutation. In detail, it is not as simple as combinatorial peptide libraries, and this is best illustrated by specific examples from Fig. 4 .
In Round 1, it is only possible to produce single mutations because of the wild type template used. In Round 2, single, double, and triple mutations can be produced when the product of Round 1 is used as template for both megaprimer synthesis and mutagenesis PCR. For example, in PCR 1-2-A the blue mutant oligonucleotide is used to make megaprimers. If it anneals to the product of Round 1 with the blue mutation, then the mutant megaprimer synthesized will only contain the single blue mutation. In PCR 2-2-A, this single mutation blue megaprimer can anneal to the template from Round 1 that has a single blue mutation, resulting in a full length Round 2 product with a single mutation.
An example of a triple mutation being produced from Round 2 can be found in PCRs 1-2-B and 2-2-B. In PCR 1-2-B, one single and two double mutant megaprimers are synthesized. If either of the two double mutant megaprimers anneals in PCR 2-2-B to the blue template, then the full length product will have three mutations. The introduction of 'extra' mutations can occur via oligonucleotides that are between the 5′-most and 3′-most mutant oligonucleotides because the mutagenesis PCR introduces additional mutations at the 5′ end of the corresponding mutant megaprimers.
The distributions (calculated with the SMPCR.py program provided as Supplementary Materials available at PEDS online) of mutations over 10 rounds of SMPCR for 8 possible mutations (as used here with pabB) are illustrated in Fig. 6 . Two complementary presentations of the same data are shown. Fig. 6A shows the distribution of the number of mutations per gene for 10 rounds, while Fig. 6B shows how the distribution of a given number of mutations varies with SMPCR rounds. Only one mutation per gene is possible in Round 1 and these data are not presented. Round 3, for example, has~7% single,~38% double and~42% triple mutations. Notice that the distributions broaden as the number of rounds increases, and the peak number of mutations is less than the number of SMPCR rounds performed. Using Fig. 6B one can determine the optimal number of rounds of SMPCR to perform to maximize the desired number of mutations per gene. Output from SMPCR.py shows that the mutation rates at the 8 different sites is nearly evenly distributed. A variation on the version of SMPCR presented here, in which wild type template is used for every round of mutagenesis PCR, eliminates the introduction of additional mutations in this step and will result in the maximal number of mutations per gene being equal to the number of SMPCR rounds performed. Unfortunately, it has the disadvantage that the average number of mutations per gene increases much slower as more SMPCR rounds are performed. Overall, the best results for SMPCR implemented with the megaprimer method are obtained by using the product of the previous round as template for both megaprimer synthesis and mutagenesis PCR.
In principle, the split-mix method can be implemented via a number of site-directed mutagenesis protocols. The Kunkel and QuikChange methods will give different mutation distributions than the megaprimer method used here, and in some ways these methods are superior for split-mix library generation. For example, both Kunkel and QuikChange use simple mutant oligonucleotide annealing, which introduces a single mutation per round, unless a mutant oligonucleotide anneals to a template that already contains that mutation. The latter possibility leads to genes containing fewer mutations than the number of split-mix cycles performed. The advantage of using these methods is that the number of mutations per gene cannot exceed the number of split-mix rounds, providing exact control over the maximum mutations introduced. For example, the products of three rounds of split-mix mutagenesis with four mutant oligonucleotides, using either Kunkel or QuikChange, are: 6.25% single, 56.25% double and 37.5% triple mutants.
SMPCR gives more effective focused libraries. Consider a situation in which 15 mutations (1 each at 15 sites) have been identified for testing. Assume that simultaneous incorporation of 3 of these 15 is required for bringing about novel activity. The total number of mutation combinations is 2 15 = 32 768, which would require screening~320 000 transformants to cover the library well. On the other hand, limiting SMPCR to three rounds gives 16 384 unique members of the library. Library members with more or less than three mutations exist, but are poorly populated. There are 455 combinations of 3 mutations selected from 15 mutations, and these 455 members of the library will dominate the population. Therefore, on the order of 5000 transformants need to be screened to cover well the triple mutant members of the library. This represents a 72-fold reduction in the complexity of the library. Larger reductions are expected for larger numbers of sites targeted. Targeting 30 sites gives 10 9 total combinations of mutations, yet there are only 4060 combinations of 3 mutations selected from the 30. In this case, a 2.5 × 10 5 -fold reduction in complexity is expected. The variants with large numbers of mutations, most of which are unnecessary, are deemphasized by SMPCR which allows identification of a minimal set of phenotypically important mutations from a large pool of selected sites. Situations arise in which no determination of specific amino acid changes at targeted positions is available from structural or bioinformatics analyses. Imagine needing to change the substrate specificity of an enzyme (e.g. an aminoacyl tRNA synthetase in unnatural amino acid mutagenesis) but not having a rational design in hand. Based on the enzyme structure, one can easily identify substratecontacting residues as targets for diversification. In cases such as this, site-saturation mutagenesis would be appropriate. Assume (a) that 6 positions are identified, (b) that mutations at only 3 of these positions will be required to generate the new activity, and (c) that there is no knowledge of which 3 sites are best targeted. SMPCR will decrease the complexity of the selection process while sampling all combinations of 3 mutations. A naïve site-saturation library would contain 20 6 = 6.4 × 10 7 members, and require that~10 9 transformants be tested. There are ( 6 C 3 × 20 3 ) = 1.6 × 10 5 unique combinations of 3 mutations in a site-saturation library for 6 positions. Thus, a SMPCR library generated using 6 reactions, each with a degenerate (e.g. NNK) oligonucleotide, would reduce the complexity of finding the best amino acid combination at 3 of the 6 sites bỹ 400-fold. Fig. S6 shows that 4-5 rounds of SMPCR would give an average of 3 mutations at 6 positions. As the number of targeted positions increases, the savings in effort also increases. For example, Fig. 7 Stereo view of the ADCS active site with chorismate modeled. Residues found to be mutated in Round 3 of SMPCR mutagenesis are shown in ball-andstick and labeled. Lys274 and Cys391 are the two residues mutated in every clone with AS activity found. The rationale for the K274A and C391G mutations was discussed previously (Culbertson et al., 2015) . Only one of either the D299E, N303H or F334Y mutation is required in addition to K274A and C391G to generate AS activity. Neither of these three residues directly interacts with the substrate. Hydrogen bonds are shown as dashes.
if 10 sites are targeted, the naïve site-saturation library has 10 13 members, while the SMPCR site-saturation library of 3 mutations selected from 10 sites has~10 6 members, giving a~10
7
-fold decrease in library complexity.
If one has no knowledge of the approximate number of mutations required to bring about a new activity, then a more general strategy of large, naïve site-saturation library generation (Mena and Daugherty, 2005 ; Acevedo-Rocha et al., 2015) using OPPCR or MPPCR followed by selection and sequencing to determine mutation hotspots is warranted. Subsequently, the critical sites and optimal amino acid substitutions can be readily identified through selections with focused SMPCR libraries.
Three rounds of SMPCR targeting eight mutation sites in pabB were achieved, as shown in Fig. 4 . While the strategy is simple, there were difficulties continuing SMPCR after three rounds with the pabB template. Several remedies were attempted. PCR protocols and DNA concentrations were varied. Mutant oligonucleotides were purified by PAGE and ethanol precipitation. The preparation of template DNA was varied, including (a) transformation of the Round 2 products followed by plasmid isolation, (b) PEG precipitation and (c) different commercial DNA purification kit (Qiagen). None of these resolved the problem. The difficulties encountered here with pabB are likely to be template specific. It is expected that other DNA templates will succeed in additional rounds of SMPCR.
It was found previously that three mutations in pabB are sufficient to engender AS activity and allow growth in the absence of tryptophan. This was reproduced here using the SMPCR library. Rounds 1 and 2 of SMPCR yielded no colonies on the selection plates whereas many were obtained from Round 3 (Table II) . This confirms our conclusions based on shotgun libraries and demonstrates the power of SMPCR to identify the minimal number of mutations required for novel activity.
The results with the SMPCR library indicate that two mutations, K274A and C391G, are required for introduction of AS activity into ADCS. A third mutation is also required: one of R299D, N303H or F334Y. The data show no strong preference for any one of these as the third mutation. The active site structure of ADCS is shown in Fig. 7 . The roles of the K274A and C391G mutations were discussed previously (Culbertson et al., 2015) . Briefly, K274 acts as a nucleophile by adding to C2 of chorismate in the ADCS catalyzed reaction, while ammonia does so in the AS catalyzed reaction. The K274A mutation allows ammonia to fulfill this role. The C391G mutation allows the pyruvoyl side chain of the 2-amino-4-deoxyisochorismate reaction intermediate to assume an equatorial conformation, thereby enabling elimination. The other three mutations observed are puzzling from the mechanistic point of view. The D299E mutation is at the Mg 2+ binding site and makes indirect interactions with this ion through a water molecule. The N303H mutation is directly under the backbone of residue 274, while F334Y is >10 Å away from the active site near the surface of the enzyme. Any detailed mechanistic interpretation would be speculation, but these results do clearly highlight the important role that second and third shell residues can play in determining enzyme activity.
